LIGO-Virgo collaboration has found black holes as heavy as M ∼ 30M through the detections of the gravitational waves emitted during their mergers. Primordial black holes (PBHs) produced by inflation could be an origin of such BHs. While it is tempting to presume that these PBHs constitute all Dark Matter (DM), there exist a number of constraints for PBHs with (10)M which contradict with the idea of PBHs as all DM. Also, it is known that weakly interacting massive particle (WIMP) that is a common DM candidate is almost impossible to coexist with PBHs. These observations motivate us to pursue another candidate of DM. In this paper, we assume that the string axion solving the strong CP problem makes up all DM, and discuss the coexistence of string axion DM and inflationary PBHs for LIGO events.
I. INTRODUCTION
Axion appearing in String Theory [1] [2] [3] is a plausible solution to the strong CP problem, which may provide a platform to discuss why there exists an approximate global symmetry with an extreme accuracy in the low-energy theory. The decay constant of axion is around the grand unified theory scale, f a ∼ 10 16 GeV, in many string axion models. Although a mild tuning of the misalignment angle is required not to overclose the Universe, the coherently oscillating axion can account for the present dark matter (DM) abundance. 1 Since axion is light, they may develop super-horizon fluctuations during inflation. To avoid severe bounds on the isocurvature perturbation [6] , the Hubble parameter during inflation has to be low enough H inf 10 9 GeV f a /10 16 GeV 0.405 .
However, low-scale inflation has a serious drawback: namely an extreme fine-tuning of the initial condition is required (See e.g., [7] ). Interestingly, from the viewpoint of the string landscape, such an initial condition can be selected dynamically. In the string landscape, there are many different vacua with different vacuum energies, and inflations may occur in each vacuum [8] [9] [10] [11] . A preceding inflation takes place with a higher vacuum energy, ends by tunneling or violating the slow-roll condition, and the Universe falls into a vacuum with a smaller energy. After successive such processes, eventually, the low-scale inflation responsible for our observable patches of the Universe takes place. To be concrete, let us consider hilltop inflation that is a prominent example of low-scale inflation. If the inflaton for hilltop inflation acquires a positive Hubble-induced mass term, the inflaton can stay at the top of the flat potential during those pre-inflations. As a result, the infamous initial condition problem is solved dynami- 1 See Refs. [4, 5] for discussion on the entropy production to avoid such a tuning.
cally [12] , which completes a consistent cosmological scenario for the string axion DM. Recently, the LIGO-Virgo collaboration has announced the detections of three gravitational wave (GW) events, GW150914 [13] , GW151226 [14] , and GW170104 [15] . In addition to these three events, there is one GW candidate called LVT151012, whose signal-to-noise ratio is somewhat smaller than those of the other three GWs [14] . These GWs are generated by mergers of two black holes (BHs). Their masses are 36. One can see that the three BHs out of the eight BHs are as heavy as 30M . However, in the usual metallicity (Z ∼ Z ), stellar origin BHs may not be 30M due to mass loss by stellar wind [16] [17] [18] . Currently, researchers are actively searching for the origin of these BHs.
Primordial Black Hole (PBH) is one of the candidates of such BHs [19] [20] [21] [22] [23] .
2 It can be formed by the collapse of overdense Hubble patch in the early radiation-dominated universe [25] [26] [27] , which is completely different from the standard formation mechanism of stellar BHs with supernovae. That is why PBH can have various masses such as 30M . Also, it is clear that inflation can be an origin of such large density perturbations [28] [29] [30] . To realize PBHs however, the curvature perturbations on small scales should be strongly amplified roughly by 10 4 times compared to those on the cosmic microwave background (CMB) scale, though such a rapid change of the perturbation amplitude is generally difficult in the slow-roll single-field inflation [31] . This is because the tilt of the power spectrum of the curvature perturbations are determined by the slow-roll parameters, which are small during slow-roll inflation. On the other hand, if we have another inflation during the last 50-60 e -folds as supported by the viewpoint of the string landscape, the second inflation can be free from the COBE normalization. Therefore, although fine-tuning of the parameters is required as we show in Sec. IV, such an extreme modulation of perturbations can be achieved easily compared to ordinary single-field inflations [29, [32] [33] [34] [35] [36] .
Moreover, the axion DM and PBHs can coexist, while the weakly interacting massive particle (WIMP) cannot [37, 38] . Though the minimal setup might be the case where PBHs for the LIGO events account for the present DM simultaneously, there are many constraints on this PBH mass range which strongly disfavor PBHs as all DM. Hence, we focus on the possibility that PBHs and other DM candidate coexist. Since PBHs themselves and/or primordial perturbations large enough for abundant PBHs cause compact DM clumps [39] [40] [41] [42] [43] , annihilations of DM in the present Universe can be dramatically enhanced, which makes the mixture of PBHs and WIMP DM difficult. In this sense, axion is suitable because its interaction is feeble.
In this paper, we assume that (10)M BHs detected by LIGO-Virgo collaboration are PBHs, and construct a concrete scenario where the string axion DM and PBHs for the LIGO events coexist. The organization of this paper is as follows. In Sec. II, we review the string axion DM and the isocurvature perturbations produced by the fluctuations of an axion field. We also discuss the properties of the inflation model compatible with the string axion DM. In Sec. III, we discuss PBHs for the LIGO events. The DM candidate in the presence of (10)M PBHs is also discussed. In Sec. IV, we construct the scenario consistent with the string axion DM. We take the double inflation model as a concrete example and show the concrete parameter consistent with the observations. Sec. V is devoted to the conclusion.
II. STRING AXION DM AND ISOCURVATURE PERTURBATION
In this section, we summarize basic cosmological properties of the string axion. Throughout this paper, we adopt the following normalization of the axion interaction:
For many string axion models, the axion decay constant tends to be large, and the value is around the GUT scale [1] [2] [3] :
We take it as a fiducial value. String axion as DM. Suppose that the moduli field (saxion) is stabilized throughout the evolution of our Universe. Around the QCD phase transition, the string axion acquires a mass term via the QCD instanton, and its potential becomes ∼ m 2 a (T )a 2 with m a (T ) being the temperature dependent axion mass. After this mass term exceeds the Hubble parameter, it starts to oscillate and behaves as cold dark matter (CDM). In this case, the current energy density is determined by the initial amplitude, namely the summation of the initial misalignment and the superhorizon fluctuations during inflation [44] : 
where θ is the misalignment angle and σ 2 θ is the variance of the fluctuations given by
The present DM density is Ω DM h 2 0.12 [45] . By requiring Ω a ≤ Ω DM and using Eq. (3), we can set an upper bound on the misalignment angle [5, 44] ,
and the Hubble parameter during inflation,
As we show below, the constraint on the isocurvature perturbation puts a more stringent bound on the Hubble parameter during inflation. Isocurvature perturbation. The axion condensate starts to oscillate when its mass exceeds the Hubble parameter. Thus, for a homogeneous initial field value of axion, its density perturbation is necessarily adiabatic. However, since the mass of axion is light, the axion acquires fluctuations during inflation and the fluctuations yield differences in the initial condition for each Hubble patch at the onset of its oscillation. As a result, the axion also develops the isocurvature perturbation. The power spectrum of the axion isocurvature perturbation can be estimated as [44] 
By analyzing the CMB spectrum, the Planck collaboration sets an upper bound on the isocurvature perturbation:
at 95% CL for the scale of k = 0.05 Mpc −1 [46] . Here ad ( 2.1×10 −9 ) is the power spectrum of the adiabatic perturbation. For the case where the string axion constitutes all the DM, we can derive an upper bound on the Hubble parameter during inflation from Eqs. (7) and (8) 
Note that, in the case where the string axion with f a ∼ 10 16 GeV makes up all the DM, we expect θ σ θ , and iso 4(H inf /2πf a θ ) 2 . This also means that the isocurvature constraint, Eq. (9), sets a severer bound than that of Eq. (6) .
Hilltop inflation after pre-inflations. We have seen that the inflation scale has to be low (H inf 10 9 GeV) to avoid the severe constraints on the isocurvature perturbation for the string axion. Hilltop (New) inflation [47] [48] [49] is one of the prominent examples of the low-scale inflation and thus we consider it in the following.
The major drawback of hilltop inflation is its initial condition problem. If we assume that any inflationary phase does not precede hilltop inflation, then there seems to be no reason to expect that the inflaton is smoothened over the horizon and its expectation value lies near a local minimum of its potential. However, once we realize that there could be multiple inflations before the observed one, this problem can be solved dynamically. Also, the picture of multiple pre-inflations may be natural in the context of the string landscape [8] [9] [10] [11] .
To make our discussion concrete, let us consider a preinflation right before the observed one. An inflaton ϕ which is responsible for the hilltop inflation may acquire a positive Hubble-induced mass term during the preinflation via V pr ϕ 2 /M 2 Pl with V pr being a potential for the pre-inflation. If this is the case, ϕ is stabilized at the local minimum throughout the pre-inflation, and hence the initial condition is set dynamically. A concrete realization can be found in Ref. [12] . There, it was assumed that a single hilltop inflation after the pre-inflation explains the whole e -folds. In general, there might be two (or more) lowscale inflations that account for the required e -folds in total [29, [32] [33] [34] [35] [36] . This consideration opens up a possibility to generate PBHs as we will see in the following sections.
III. PRIMORDIAL BLACK HOLES AND THE LIGO EVENTS
In this section, we discuss a possibility to explain the LIGO GW events by mergers of PBHs and the required property for the primordial density perturbation to have such PBHs. We also discuss DM candidates which can coexist with PBHs.
LIGO GW events. The LIGO-Virgo collaboration has detected three GW events and one candidate from mergers of BH-binary. Though the mass distribution is still unclear, those BHs have masses of (10)M . They have also estimated the merger rate as 12-213 Gpc −3 yr −1 [15] . The question is an amount of PBHs required to explain these events. This is addressed in Ref. [21] ; the fraction of PBHs has to be around (10 −3 )-(10 −2 ) to reproduce the merger rate. 4 Unfortunately, the estimated event rate might suggest that those PBHs do not constitute all the DM. However, at the same time, the required amount of PBHs is still consistent with several observational constraints [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] .
PBH formation. Here we briefly review the formation of PBHs by the primordial density perturbation and discuss the suitable property of the primordial density perturbation to account for the LIGO events.
Basically, PBHs are formed by the gravitational collapse of an over-dense region. According to simple analysis by Carr [27] , if a density contrast is larger than δ > 1/3 at its horizon reentry, the over-dense region overcomes the radiation pressure and PBHs are formed. We use this threshold value δ c = 1/3 as a fiducial value in the following. The PBH mass is roughly estimated as the horizon mass at the horizon reentry of the perturbations which are larger than the threshold. We can estimate the relation between the scale of the perturbations and PBH mass as
where γ is a numerical factor which depends on the properties of gravitational collapse and M eq is the horizon mass at matter-radiation equality time and g * and g * ,eq are the degrees of freedom at PBH formation and matter-radiation equality time, where g * 10.75 at (10)M PBH production. We adopt the simple analysis value γ = (1/3)
0.2 as a fiducial value [27] .
Assuming that the density perturbations follow the Gaussian distribution, the production rate of PBHs with M PBH = M can be written as
is the variance of density contrast with the smoothing scale M (k ) which is defined as [62] 
where ζ (k ) is the power spectrum of the primordial curvature perturbation. W (x ) is a window function and throughout this paper we use the Gaussian window function W (x ) = e −x 2 /2 . 4 There are some papers that discuss the constraints on the (10)M PBH abundance from the merger rate and the constraints are
Once PBHs are formed, the PBH energy density behaves as non-relativistic matter and decays as ρ PBH ∝ a −3 . On the other hand, the background energy density behaves as radiation ρ ∝ a −4 until the matter-radiation equality time. Therefore the ratio of the PBH energy density to the background energy density grows as ρ PBH /ρ ∝ a . Using the PBH production rate β (M ), we can derive PBH-DM ratio over logarithmic mass interval d lnM as
β (M )
10.75
0.
12
where we define
and Ω DM are the energy density parameter of total matter (baryon + CDM) and CDM. T M and T eq are the temperatures of the Universe at the horizon reentry of the perturbations and the matter-radiation equality time. We adopt Ω DM h 2 = 0.12 [45] . The total PBH-DM ratio is given by
To sum up, we need a large curvature perturbation,
, at a scale of k ∼ 10 6 Mpc −1 to reproduce the LIGO events by mergers of PBHs. Since the curvature perturbation at the large scale, k 1 Mpc −1 , should be as small as ∼ 10 −9 not to conflict with the CMB observation, we need to break the (almost) scale-invariance of the spectrum. In addition, there are other constraints on such a large curvature perturbation at the scale, k ∼ 10 6 Mpc −1 , as pointed out in Ref. [63] [64] [65] ; (i) CMB spectrum distortion and (ii) induced GWs by the second order effect. Basically, the peak of the power spectrum of the curvature perturbations should be sufficiently sharp 5 to avoid them and one must explicitly check that the model is well consistent with those constraints to investigate a successful scenario.
DM candidates in the presence of PBHs. Throughout this paper, we focus on the string axion in a low-scale inflation scenario. Thus, our primary DM candidate is axion. Nevertheless, it is instructive to compare the axion DM with other DM candidates in the presence of PBHs.
The fascinating possibility would be the case where PBHs for the LIGO events can constitute the whole DM simultaneously. Unfortunately, it seems to be difficult to achieve full DM because of many observational constraints at this mass range [52] [53] [54] [55] [56] [57] [58] [59] [60] [61] . Hence, we need to consider other DM candidates.
The WIMP is a major particle DM candidate. However, it is known that WIMP is difficult to coexist with PBHs. This is because a large density perturbation promotes the formation of DM halos with a steep profile, which is called Ultra-Compact Mini-Halos (UCMHs) [39] [40] [41] [42] [43] . As a result, the DM density at the center of the UCMH becomes so dense that DM annihilations at the present Universe are dramatically enhanced. Thus, we can constrain such scenarios by the observation of gamma-rays from DM annihilations. The upper bound on the annihilation cross section is known to be several orders of magnitude smaller than its typical value for WIMP, 〈σv 〉 ∼ 10 −26 cm 3 s −1 [38] . Moreover, even if PBHs are not produced by large primordial perturbations, the existence of PBHs itself leads to the formation of UCMHs with PBHs as their cores. Therefore the PBH abundance is constrained as Ω PBH 10 −4 (for m DM ∼ 100 GeV) for a vast range in PBH mass with the thermal relic DM [37] . These facts indicate the difficulty of the coexistence of PBHs and WIMP DMs.
One important constraint on the coexistence of the string axion and BHs comes from the superradiance effect [68] [69] [70] . We briefly mention it here. If a Compton wavelength of axion is close to the size of a rotating BH, then such a BH immediately loses its spin by filling bounded Bohr orbits with a huge number of axions due to the bosonic nature of axions [71] [72] [73] . As a result, observations of rotating BHs can constrain axion models [74, 75] . Parametrically, we expect that a given rotating BH mass can
One can see that ordinary stellar BHs with M BH ∼ M cannot probe the axion decay constant much below the Planck scale. Hence, f a ∼ 10 16 GeV in our scenario is still viable.
IV. DOUBLE INFLATION AFTER PRE-INFLATIONS
As mentioned at the end of Sec. II, if we have two (or more) inflations which explain the required e -folds, the primordial curvature perturbation can be large enough for a sizable amount of PBHs by breaking the scale-invariance and generate PBHs. In this paper, we consider the double inflation model [29] as a concrete example. 6 In this section, first, we search for the desired parameter regions semi-analytically, taking account of two conditions. One is that the resonance enhancement of perturbations are small enough for a linear analysis. The other one is that the first inflation should correctly reproduce the result of the Planck observations on the CMB scale. After showing the desired parameter regions, we will show the fully numerical result with one desired parameter set in the last subsection.
Inflation Scenario. The double inflation model has two stages of inflation. During the intermediate phase between the first inflation and the second inflation, this model can generate the large perturbations which produce PBHs. Note that the large-scale perturbations observed by the Planck satellite are generated by the first inflation and the small-scale perturbations are generated by the second inflation.
As discussed in Sec. II, the string axion DM requires the low energy scale of the first inflation as H inf,first 10 9 GeV,
because the isocurvature perturbations generated by the first inflation are severely constrained by CMB observations. In the following, we assume that the first and second inflations are low-scale hilltop inflations to satisfy Eq. (17) . We take the following inflaton potentials:
where M Pl is set to be unity and ϕ is the inflaton of the first inflation and χ is the inflaton of the second inflation. C is a compensate term which makes V (ϕ min , χ min ) = 0. 7 We take n 1 , n 2 ≥ 3.
8 Generally speaking, we also expect Plancksuppressed order correction to kinetic terms,
The expected inflation dynamics is described as follows. First, the first inflation takes place while ϕ slowly rolls down the potential and the energy scale of the first inflation is ∼ v After a while, the slow-roll of ϕ ends and ϕ starts to oscillate around the potential minimum, ϕ min . During this time, ϕ possibly passes many times through the tachyonic region, where the mass of ϕ becomes tachyonic, and non-adiabatic region, where the adiabatic condition is violated, and the perturbations of ϕ can grow so large that the perturbations become nonlinear. We discuss this issue again in the next subsection 7 Strictly speaking, the true potential minimum is not V (ϕ min , χ min ).
However, the deviation of the true potential minimum from V (ϕ min , χ min ) is so small and we have checked that the deviation does not affect our results. 8 If we take n 1 , n 2 = 2, we must take the value of inflaton at the potential minimum as ϕ min > M Pl or χ min > M Pl to realize slow-roll inflation. If an inflaton becomes larger than Planck scale, the inflaton potential can be modified by the other Planck suppressed operators we don't write explicitly and it can be difficult to follow the dynamics of the inflaton. Therefore we restrict our discussion to the case of n 1 , n 2 ≥ 3.
and App. A. After the amplitude of the oscillation becomes small due to the Hubble friction, the energy density deposited in ϕ becomes smaller than the second inflation energy scale ∼ v 4 2 and then the second inflation starts. By then, the stabilization of χ becomes so weak that χ can roll down the potential. After the slow-roll of χ ends, χ oscillates around the minimum and decays to other particles at least via Planck-suppressed operators. Around minimum, the mass of χ is given by
Then the corresponding reheating temperature can be evaluated as
if the reheating is achieved by some Planck-suppressed operators. We use this value in the following analysis. Let us estimate the e -folds which corresponds to the peak scale of curvature perturbations. We define the pivot scale as k pivot = 0.05 Mpc −1 and the peak scale as k peak = 5 × 10 5 Mpc −1 (see Fig. 2 ). Then the difference between the corresponding e -folds is calculated as
Note that there is a difference between the scale at the first inflation end and the peak scale as discussed in App. B. The difference between N peak and N first inf, end (= e -folds at the end of the first inflation) is given by
where H inf,first and H inf,second are the energy scales of the first inflation and the second inflation. Here we define N first,pivot as N first,pivot ≡ N pivot − N first inf, end . If we take H inf,first /H inf,second = 400, we derive N peak − N first inf, end 2 and N first,pivot = 18. In the following, we use H inf,first /H inf,second = 400 and N first,pivot = 18 as fiducial values.
Resonance. Some inflation models have the preheating phases with some resonances, which follow the inflation phases. In general, hilltop inflation has a preheating phase driven by the tachyonic mass and non-adiabaticity after its inflation. Throughout this paper, we focus on the preheating phase which occurs after the first inflation because we must follow the evolution of the perturbation which exits the horizon during the second inflation. Roughly speaking, the resonance becomes stronger for smaller ϕ min and larger H inf,first because the ratio of the oscillation timescale to the Hubble friction timescale (H inf,first /m ϕ = 3/2ϕ min /n ) becomes smaller for smaller ϕ min and the seed perturbation H inf,first /2π becomes larger for higher H inf,first . In Fig. 1, we show the parameter regions where the perturbations become non-linear, which is estimated by numerical calculations. We discuss the behavior of the resonances further in App. A. If the resonances are strong and the perturbations become non-linear, it becomes complicated to calculate the evolution of perturbations because the evolution depends on the higher order perturbations and back-reactions of perturbations to the homogeneous backgrounds become non-negligible. In the double inflation model we consider here, there are the interaction terms between inflatons ϕ and χ, such as 1 2 c pot V 1 (ϕ)χ 2 and 1 4 c kin χ 2 ∂ µ ϕ∂ µ ϕ. Hence, we must follow the dynamics of the inflaton ϕ during its oscillation phase to calculate the perturbations. In this paper, to avoid the complexities, we search for the parameters in which the perturbations remain linear until horizon exit. The study of the non-linear regime is left for future works.
CMB constraints. Now, we return to the double inflation model and discuss the constraints on the large-scale perturbations. From the Planck results, the cosmological parameters are determined in 95% CL as [45] :
where A s is the amplitude of the adiabatic scalar power spectrum, n s is the scalar spectral index, dn s /dlnk is the running of scalar spectral index and r 0.002 is the tensor-toscalar ratio.
Since the first inflation generates the curvature perturbations on the pivot scale, we must check whether the first inflation can be consistent with Eqs. (27)-(30). Thus we focus on the first inflation whose potential is given by Eq. (19). 9 The slow-roll parameters, , η and ζ, are defined as
where a prime denotes a derivative with respect to ϕ. The cosmological parameters can be written with the slow-roll 9 The relation between cosmological parameters and the parameters of this inflation potential has also been studied in [78, 79] 
r 0.002 16 .
We can calculate the e -folds from the end of the first inflation with the following equation:
where
According to the discussion in the previous subsection about resonance, we define ϕ first,pivot as the value satisfying N (ϕ first,pivot ) = 18. If we determine ϕ l , ϕ q and ϕ min , we can calculate ϕ first,pivot numerically. Then we can substitute it into Eqs. (31)- (37) and derive A s , n s , d n s /d lnk and r 0.002 . Since the relation η is generally satisfied in hilltop inflation models, Eq. (30) is always satisfied in our concrete inflation model and we do not consider Eq. (30) explicitly in the following. Here, let us stress that n s and dn s /d lnk are independent of H inf,first . This is because the slow-roll parameters, , η and ζ, are independent of H inf,first as
. (41) To satisfy the slow-roll condition, η must be sufficiently smaller than one. For simplicity, we take ϕ q = 200 in the following. Note that while n s and dn s /d lnk depend on only ϕ l , ϕ q and ϕ min , A s depends also on H first,inf in addition to those parameters. In Fig. 1 , the blue shaded regions show the parameter regions of ϕ l and ϕ min where the corresponding n s and dn s /d ln k are consistent with the observation. In each point of this figure, we calculate the value of H inf,first with which A s is consistent with the observation. The parameter regions which cause the strong resonance are shown by the light black shaded regions. One can see that in order for perturbations to avoid the strong resonance and for n s and d n s /d lnk to be consistent with the observational values, H inf,first must be H inf,first 10 8 GeV for n = 3, 3.2 × 10 10 GeV for n = 4.
If we take n > 4, the lower bound of H inf,first becomes higher because the perturbations in the case of the larger n are accompanied by the stronger resonance. Concrete example. In this subsection, let us show the full numerical result for the following parameters: (43) as a fiducial example in the desired parameter regions obtained in the previous subsection. In Fig. 2 , the resultant linear perturbations are indicated with the constraints by the µ-distortion and BBN. Though we chose the parameters not to yield the resonance, the power spectrum shows a sharp peak on k ∼ 5 × 10 5 Mpc −1 . This is because we apply the amplification mechanism proposed in Ref. [97] , that is, c pot and c kin are chosen so that the effective Hubble-induced mass of χ during the ϕ-oscillation phase, m [97] for a more detailed description. Such a sharp peak is required to avoid the pulsar timing array (PTA) constraints as we will see below.
Using equations described in Sec. III, we calculate the expected PBH abundance from the obtained curvature perturbations and show its result in Fig. 3 . 10 From this, one can see that there is a peak at M PBH = 30M and the height is around Ω PBH /Ω DM (10 −3 ). According to [21] , the expected merger rate in this PBH spectrum is consistent with the merger rate estimated by LIGO-Virgo collaboration, 12-213 Gpc −3 yr −1 [15] . As pointed out in Refs. [64, 65] , the density (scalar) perturbations large enough to realize abundant PBHs can generate GWs (tensor perturbations) due to the second order effect, and the frequency of such secondary GWs for (10)M PBHs lies around the sensitivity region of the PTA experiments ∼ 1 nHz. Therefore one has to carefully check the consistency with these experiments. Following the instruction of Ref. [97] , we calculate the current abundance of the secondary GWs and show the result in Fig. 4 with the current and future observational constraints. Thanks to the sharpness of our power spectrum of the curvature perturbations, the resultant GWs successfully evade the current PTA constraints. 10 In Fig. 3 , we plot the monochromatic observational constraints by the red shaded regions. Strictly speaking, since our PBH mass spectrum is an extended mass function, the constraints can be tighter as discussed in [58] [59] [60] [61] . To take into account the constraints on the extended mass spectrum, we have used the analysis described in [58, 61] and confirmed that our PBH mass spectrum is consistent with the observational constraints.
V. CONCLUSIONS
In this paper, we have discussed (10)M PBHs in the presence of string axion DM.
Axion naturally appears in the context of String Theory and can be DM through its coherent oscillation. Since string axion is light, its perturbations which exit the horizon during inflation behave as isocurvature perturbations constrained by the CMB observations. The presence of string axion DM puts the severe constraint on the Hubble parameter during the inflation as H inf 10 9 GeV f a /10 16 GeV 0.405 and therefore the energy scale of inflation must be low.
We have constructed the scenario where the string axion DM and PBHs for the LIGO events coexist, taking the double (hilltop + hilltop) inflation model. We have shown that this inflation model can satisfy the following conditions at the same time.
• The energy scale of the inflation model must be low enough to be consistent with the constraint on the isocurvature perturbations.
• The large-scale perturbations observed by CMB must be consistent with the observational values of A s , n s , dn s /dlnk and r 0.002 .
• The perturbations which make (10)M PBHs must be large enough for the PBH-DM ratio to be
) and sharp enough to be consistent with the constraints from PTA, µ-distortion, and BBN observations.
• The perturbations must remain linear until the second inflation ends to be calculated with the linear analysis.
Note that the last condition does not necessarily mean that the non-linear perturbations cannot satisfy the other conditions. The case with the non-linear perturbations is left for future works. Finally, let us discuss several outcomes of our scenario. First, our model predicts the sharp peak around k ∼ 10 6 Mpc −1 . This peak is constrained from the large scale (µ-distortion, BBN) and small scale (PTA). In other words, our model can be tested by future observations such as PIXIE (µ-distortion) and SKA (PTA).
Second, let us mention the axion miniclusters [98] . It has been suggested that axion can form a dense clump by e.g. large isocurvature perturbations associated with the breakdown of U (1) PQ symmetry after inflation [98] [99] [100] . Although we have considered the scenario where U (1) PQ symmetry is broken before inflation, our scenario expects the large adiabatic perturbations around k ∼ 10 6 Mpc −1
and hence the axion miniclusters might be produced.
11 11 Tkachev has remarked the possibility that the dense axion clumps are produced by the large primordial perturbations in Ref. [101] . . Orange shaded regions are excluded by the current constraint on µ-distortion, |µ| < 9 × 10 −5 [80] and the effect on n-p ratio during big-bang nucleosynthesis [81] .
a The black dotted line represents a future constraint by µ-distortion with the PIXIE [84] , |µ| < 10 −8 .
a There are other constraints on the power spectrum of curvature perturbations around 10 4 -10 5 Mpc −1 [82, 83] and their constraints are similar to [81] .
Since the perturbations are smaller than that in the scenario where U (1) PQ is broken after inflation (but still large), we can expect that the produced axion miniclusters in our scenario are sparser [102] . As discussed in [103] , the sparse axion miniclusters tend to get disrupted by the encounters with the stars in the Galactic disk and the fragments of the destructed miniclusters form tidal streams. Although there are still many uncertainties about this phenomenon, it is possible that the tidal streams can be detected in the future.
FIG. 3. The PBH mass spectrum for parameters given in Eq. (43) . Red shaded regions are excluded by extragalactic gamma-rays from Hawking radiation (EGγ) [85] , femtolensing of known gamma-ray bursts (Femto) [86] , white dwarfs existing in our local galaxy (WD) [87] , microlensing search with Subaru Hyper Suprime-Cam (HSC) [88] , Kepler micro/millilensing (Kepler) [89] , EROS/MACHO microlensing (EROS/MACHO) [90] , dynamical heating of ultra faint dwarf galaxies (UFD) [53] , and accretion constraints from CMB (CMB) [52] . a See also [23] for a recent summary of observational constraints on PBHs and [58] [59] [60] [61] for the constraints on the extended PBH mass spectrum. 
Appendix A: Resonance
In this appendix, we discuss the resonances which occur after hilltop inflation.
For simplicity, we consider the toy inflation model with the following potential:
If we take v and φ min as v 1 and ϕ min , this potential is a good approximation of Eq. (19) during the oscillation of ϕ which follows the first inflation. In this inflation model, after inflation, φ starts to oscillate around φ min . We define φ e as the value at the end of inflation and φ m as the value which satisfies V (φ m ) = 0, where the prime denotes a derivative with respect to φ, e.g. Fig. 5 shows the schematic image of the hilltop inflation potential. We can derive the value of φ e and φ m as
where we have used the equality |V (φ e )/V | = 1 to derive φ e . This toy inflation model goes through the following steps. When φ < φ e , φ slowly rolls down its potential and inflation occurs with H inf = v 2 / 3. After φ passes through φ e , the slow-roll inflation ends and φ starts to oscillate around φ min . At first, the amplitude of oscillations is large enough so that φ can return to the tachyonic region, φ < φ m . During this period, the perturbations of φ
The schematic image of the inflation potential given by Eq. (A1). This figure is a modified version of Fig. 1 in [104] .
The time evolution of δφ (k = k peak )/φ 2 min with n = 4, H inf = 10 9 GeV, and φ min = 0.109. We use the scale factor as time variables, where a inf,end is the scale factor at the inflation end.
grow rapidly due to the tachyonic resonance. Later, the amplitude becomes small due to the expansion of the Universe and φ cannot return to the tachyonic region. Although the tachyonic resonance stops, perturbations still grow due to the non-adiabatic resonance. Adiabatic condition, ω 2 ω (ω 2 ≡ V (φ)), fails violently when φ ∼ φ m because V (φ) ∼ 0 at φ ∼ φ m . Finally, the amplitude of φ becomes so small that φ does not pass through the nonadiabatic region and the perturbations decay due to Hubble friction. Fig. 6 shows the time evolution of power spectrum of δφ divided by φ 2 min at the resonance peak scale, δφ (k = k reso,peak )/φ 2 min , with n = 4, H inf = 10 9 GeV, and φ min = 0.109. δφ (k = k reso,peak )/φ 2 min roughly corresponds to the squared ratio of the perturbation to the background field value. If δφ (k = k reso,peak )/φ 2 min > 1, we regard the perturbation as non-linear. From Fig. 6 , we can see that the perturbation grows until log(a /a inf,end ) ∼ 2 due to the tachyonic and non-adiabatic resonance and after the growth (log(a /a inf,end ) ≥ 2), the perturbation decays due to Hubble friction. Here, we define the conformal time when a perturbation becomes a maximum as η peak , which corresponds to the conformal time at log(a /a inf,end ) ∼ 2 in Fig. 6 .
Tachyonic resonance has been already discussed analytically in [104] . Following Ref. [104] , we can estimate the peak scale of the tachyonic resonance as k reso,peak a inf,end φ min n−2
where k reso,peak is the comoving wave number at the peak, m φ is the mass of φ around φ min defined as m φ = 2n v 2 /φ min and a inf,end is the scale factor at the inflation end. Since the resonances occur so rapidly and the peak scale is determined at the beginning of the resonances, a inf,end appears in Eq. (A4). We confirm that our numerical results are consistent with Eq. (A4). Note that the resonance peak scale is different from the peak scale of the curvature perturbation which produces PBHs in our model (k reso,peak = k peak ). Fig. 7 shows the φ min dependence of δφ (k = k reso,peak , η = η peak )/φ 2 min . From this figure, we can see that the decrease of φ min or the increase of n leads to the increase of the peak height. This results can be understood as follows. The peak height depends on the relation between the timescale of the oscillation and that of Hubble friction. The timescale of the oscillation corresponds to m inf does not change). Then the inflaton can pass through the resonance region more times before its amplitude becomes small due to Hubble friction and the peak height becomes larger.
Finally, let us mention the H inf dependence of the peak height. To understand it analytically, we neglect the metric perturbations 12 and then the equation of motion for δφ which corresponds to the peak scale can be written as 
